Neisseria gonorrhoeae is an obligate human pathogen that causes gonorrhea. We have shown previously that complement receptor 3 and Akt kinase play important roles in mediating cervical infection. At present, there are limited data to indicate how hormonally induced changes to the mucosal epithelia of the female genital tract mediate the course of gonococcal disease. Hence, I have expanded upon previous work to investigate the interaction of gonococci with primary human cervical epithelial (pex) cells under the variable estrogen and progesterone concentrations likely to be encountered in vivo throughout the female menstrual cycle. My data indicated that the ability of gonococci to survive and to replicate within pex cells was increased under progesterone-predominant conditions. Using bacterial survival, immunological, and kinase assays, I show that progesterone functioned in an additive manner with gonococcal phospholipase D to augment Akt kinase activity. This, in turn, resulted in a parallel increase in nitric oxide synthase expression. Nitric oxide production by pex cells was dependent upon Akt activity and was increased under progesterone-predominant conditions. Whereas both inducible and endothelial nitric oxide synthase contributed to nitric oxide production, only inducible nitric oxide synthase activity promoted gonococcal survival within pex cells. Collectively, these data provide the first clues as to how steroid hormones potentially modulate the course of gonococcal disease in women. In addition, these data demonstrate that host-derived nitric oxide likely is not protective against gonococci, in vivo; rather, nitric oxide may be required to sustain cervical bacterial disease.
Neisseria gonorrhoeae is an exclusive human pathogen that causes the sexually transmitted disease, gonorrhea. The gonococcus is highly human adapted and thus has developed variable mechanisms of pathogenesis that are, in part, dependent upon the site of infection (reviewed in reference 6). We have shown previously that complement receptor type 3 (CR3) serves as the key receptor by which gonococci initiate cervical infection in vivo, as well as ex vivo in primary human cervical epithelial (pex) cells (8) . Gonococci exposed to pex cells release a group of proteins, including a phospholipase D (NgPLD), that facilitate cervical adherence and invasion (9) .
Invasion of certain epithelial cells by gonococci triggers (host) Akt activity (7, 31) . Akt is a serine-threonine kinase implicated in diverse cellular functions, and several bacterial and viral pathogens have developed mechanisms by which to subvert Akt signaling to promote disease (7, 22, 26, 28, 53, 56) . In contrast to vulvular epidermal carcinoma (A-431) cells, in which gonococcus-induced Akt activity requires phosphatidylinositol 3-kinase (PI3K) (31) , Akt activation in pex cells occurs independently of PI3K and results from the direct interaction of NgPLD with cervical Akt (7) .
Despite the many advances made in our understanding of gonococcal pathogenesis, the factors governing the divergent presentation of gonococcal disease observed between men and women remain unclear. That is, whereas infection of the male urethra typically results in an acute inflammatory response, cervical gonorrhea is predominantly asymptomatic. This asymptomatic state has an extreme impact on the prevalence of gonorrhea in the general population and in the chronic disease sequelae observed, disproportionately, among women. Infections in women are compounded by a number of (host) physiological factors that cooperatively complicate disease. For example, clinical data indicate that gonococcal disease in females may be governed, in part, by steroid hormones (23, 24, 29, 33, 37) . Notwithstanding, there are limited data addressing how steroid hormones modulate gonococcal pathogenesis.
Estradiol (E2) and progesterone (Pg) represent the major form of estrogens and progestagens, respectively, found in women. Although other estrogens and progestagens (e.g., estrone and 17-␣-hydroxyprogesterone) exist in vivo, these hormone derivatives represent minor hormone species and thus are only present in minute quantities in women. With regard to asymptomatic cervical infection, it is noteworthy that steroid hormones (e.g., E2 and Pg) can exhibit anti-inflammatory, as well as immunomodulatory, properties. Although not shown for cervical epithelial cells, there are data to indicate that, under some conditions, hormone-dependent Akt activation can induce nitric oxide synthase (NOS) expression and, consequently, nitric oxide (NO) generation (14, 17, 18, 20) . Although little is known about the expression or the subcellular location of NOS isoforms within the cervix, an increase in NO intermediates (i.e., nitrate, nitrite, and NO [referred to as NOX collectively]) within the female genital tract is believed to play a role in cervical ripening and in other processes associated with normal and preterm labor (51) . Thus, the ability of gonococci to induce NO production by cervical epithelial cells, in an Akt-dependent manner, could have important consequences with regard to women's health. Hence, I initiated studies to examine the effect(s) of physiological levels of E2 and Pg on N. gonorrhoeae infection of primary cervical cells. My data suggest that the CR3-NgPLD-Akt pathway plays a role in promoting N. gonorrhoeae infection through Pg-enhanced NOS activity with subsequent NO production. My data further demonstrate that host-derived NO does not exert a bactericidal effect on gonococci but instead plays an important role in promoting the intracellular survival of these bacteria during pex cell challenge.
MATERIALS AND METHODS
Cell culture, bacteria, and infection studies. Primary cervical epithelial (pex) cells were procured from surgical cervical tissue and maintained as described previously (11) . Cervical tissue was obtained from premenopausal women undergoing hysterectomy at The Ohio State University Medical Center for medically indicated reasons not related to our study and was provided by the Cooperative Human Tissue Network (The Research Institute at Nationwide Children's Hospital, Columbus, OH). In accordance with National Institutes of Health (NIH) guidelines, these tissues do not constitute human subjects. Pex cell monolayers were incubated in the presence of various concentrations (as noted) of E2 and/or Pg for at least 24 h before their use, as indicated in the experiments described below. Hormones were maintained in the culture medium throughout the course of each assay. E2 (Sigma, St. Louis, MO) and Pg (Sigma) were selected for use in infection studies because these hormones represent the major forms of estrogens and of progestagens (respectively) found in women. To avoid potential complicating factors associated with phenol red (35) , antibiotic-and phenol red-free medium was used in assays designed to assess the affect(s) of steroid hormones on gonococcal infection. E2 and Pg were solubilized in 2-butanol (Sigma) as our previous studies demonstrated that this reagent does not interfere with the ability of gonococci to associate with or to invade pex cells (9) . Pharmacological agents used in these studies were not cytotoxic (viability greater than 95%) at the indicated concentrations as determined by trypan blue exclusion (pex cells) or by counting CFU of gonococci incubated in the presence of, compared to the absence of, each reagent.
N. gonorrhoeae strains 1291 (1) and 1291⌬PLD (9) were used in the infection studies described herein. Strain 1291 was originally isolated from a male with gonococcal urethritis and is commonly used to study gonococcal pathogenesis. Infection studies were performed as previously described using a multiplicity of infection of 100 (11); gonococci were enumerated spectrophotometrically. The pex cells were challenged with gonococci for variable time periods (as noted). Uninfected, control cell monolayers were simultaneously processed with challenged cell monolayers, as described previously and as outlined below. Where indicated, pharmacological agents were included in or excluded from infection studies, and these included 1 mM (Ϯ)-S-nitroso-N-acetylpenicillamine (SNAP; NO donor), 1 mM SIN-1 HCl (SIN; NO donor), 500 M S-nitrosoglutathione (GSNO; NO donor/low-molecular-mass thiol), 300 nM S-methyl-L-thiocitrulline (MTC; NOS1 inhibitor), 10 M S-methylisothiourea (SMT; NOS2 inhibitor), 500 nM L-N 5 -(1-iminoethyl)ornithine (NIO; NOS3 inhibitor), 50 M 1-(2-trifluoromethylphenyl)imidazole (TRIM; inhibitor of NOS1 and NOS2), and 500 nM N G -nitro-L-arginine methyl ester (NAME; inhibitor of NOS1 and NOS3) (all obtained from Calbiochem, La Jolla, CA) and 150 nM N-(4S)- (4-amino-5- [aminoethyl]aminopentyl)-NЈ-nitroguanidine tris (trifluoroacetate) (NOS1inh), 700 nM N G -monomethyl-L-arginine (NMMA; inhibitor of NOS1 and NOS3), 10 nM 1400W (NOS2 inhibitor), 10 mM 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO; NO-specific scavenger), and 20 mM NaNO 2 (nitrite) (all from Sigma). Akt inhibitor VII (1 M) was also included in select experiments. This inhibitor molecule prevents Akt activity by specifically binding to the Akt pleckstrin homology (PH) domain (19) , thereby preventing phosphoinositide (as well as NgPLD) from binding to this kinase (7) . Cervical cell monolayers were preincubated (1 h, 37°C) with each respective pharmacological agent before the addition of gonococci.
N. gonorrhoeae association, invasion, and survival assays. The pex cell monolayers were infected with wild-type 1291 or 1291⌬PLD mutant gonococci as outlined above. Where indicated, pex cells were treated with E2, Pg, or E2 plus Pg (E2/Pg) also as described above and in which hormones were maintained in the culture medium over the time course assayed. Quantitative association, invasion, and survival assays were performed as we have described previously (55) and in which chemical agents were included in or excluded from the assay, as noted. Briefly, pex cells were challenged with gonococci at a multiplicity of infection of 100 for 90 min. Gentamicin was then omitted from (association assays) or added to (invasion and intracellular survival assays) infected pex cell monolayers to kill extracellular cell-associated bacteria. The pex cell monolayers were subsequently lysed, or they were subjected to a second incubation in antibiotic-free medium before cell lysis (intracellular survival assays). For each set of experiments, gonococci and pex cells were cultured under standard laboratory conditions (i.e., 5% CO 2 ) or under microaerobic conditions before the onset of pex cell challenge. Mitsubishi (Pouch-MicroAero) gas-generating pouch systems were used to generate microaerobic conditions, because they rapidly (under 30 min) generate the desired oxygen-limited (6% O 2 , 5 to 8% CO 2 ) environment. For assays performed under microaerobic conditions, microaerobically cultured gonococci were used to challenge microaerobically incubated pex cell monolayers to which an NO scavenger, nitrite, and/or NOS inhibitors were added or omitted. After the addition of gonococci, infected pex cells were returned to a microaerobic environment. Separate gas pouches were used for each assay time point and care was exercised throughout the assay to minimize exposure to air. In this regard, air was vacuum-evacuated from pouches before the 30 min incubation with gentamicin. For all assays, serial dilutions of the cell lysates were plated to enumerate viable CFU. The percent association, invasion, or survival was determined as a function of the original inoculum and the number of colonies formed with subsequent plating of the cellular lysate. Each assay was performed in triplicate on at least three separate occasions. A Kruskal-Wallis analysis of variance was used to determine the statistical significance of the calculated percent association, invasion, or survival for each assay.
Immunoprecipitation, Western blotting, and enzyme-linked immunosorbent assay (ELISA). Confluent pex cell monolayers in 35-mm tissue culture-treated dishes were challenged for various periods of time, as noted, with wild-type or mutant N. gonorrhoeae as described above, or they were left uninfected. Pex cell challenge was subsequently terminated by immediately transferring the dishes to ice, removing the infection supernatant, and rinsing the cell monolayer thrice with ice-cold phosphate-buffered saline (PBS) before cell lysis in immunoprecipitation (IP) assay buffer. IP then was performed as we described previously (52) using anti-NOS2 (H-174), anti-NOS3 (H-159), or anti-Akt (N-19) antibodies (all from Santa Cruz Biotechnology, Santa Cruz, CA) to capture immune complexes. Captured immune complexes were separated on 4 to 12% denaturing polyacrylamide gradient gels and transferred to Immobilon-P membranes (Millipore, Bedford, MA). Western blotting was performed according to standard protocols using anti-phospho-Akt antibody (p-Akt1/2/3; Ser 473), anti-NOS2 antibody (C-11), or the anti-phospho-NOS3 antibody (NOS3-P; Ser1177) (all from Santa Cruz). The anti-Akt antibody, p-Akt1/2/3 (Ser 473), recognizes Akt only when phosphorylated on a critical serine residue (Ser473 for Akt1) when Akt is in its active (phosphorylated) state. Serine 1177 of NOS3 serves as a site for Akt-mediated phosphorylation. To ensure equal loading, membranes were stripped and reprobed with the anti-Akt antibody B-1, which recognizes Akt1, Akt2, and Akt3 of human origin. After Western blotting, antibody-labeled NOS2, NOS3, and Akt were detected with SuperSignal West Pico chemiluminescent substrate (Pierce, Rockford, IL). The assays were repeated on at least two separate occasions.
As a correlate to and to confirm data obtained by Western blot analyses, ELISAs were performed using whole pex cell lysates obtained from uninfected cells or cells that were challenged in parallel to those used for IP with the Western blot analysis described above. To this end, 100 l (1/10 vol) of each pex cell lysate was used to coat select wells within microtiter plates, after which wells were rinsed, and nonspecific binding sites were blocked (30 min, room temperature) with PBS-0.25% bovine serum albumin-0.05% Tween 20. NOS2 and actin were then quantitated by using standard ELISA protocols. The anti-NOS2 and anti-actin primary antibodies, C-19 and H-300 (Santa Cruz), respectively, were used, followed by the appropriate fluorescein-conjugated secondary antibodies (Jackson Immunoresearch), to increase assay sensitivity. Arbitrary fluorescence units were recorded (485-nm excitation and 530-nm emission) by using a Synergy HT Multi-Mode microplate reader (BioTek). Blank wells, as well as the omission of the primary or the secondary antibody, served as controls for nonspecific binding and for autofluorescence. Each assay was performed in triplicate on three separate occasions. Statistical significance of data obtained was determined by using Student's t test.
Akt kinase assay. Confluent pex cell monolayers were left untreated or they were pretreated (37°C, 1 h) with 1 M Akt inhibitor VII (Calbiochem). Cell monolayers were then left uninfected, or they were challenged with 1291 wild-type bacteria for 3 h. Infections were terminated by immediately transferring the dishes to ice, removing the infection medium, and rinsing the cells thrice with ice-cold PBS before cell lysis in IP assay buffer. Total cellular Akt was captured as outlined above using the anti-Akt C-20AC agarose-conjugated antibody (Santa Cruz). The Akt kinase reaction was carried out using GSK-3␣ peptide substrate (37 kDa; BioVision, Mountain View, CA) as we have described previously (7). Western blotting was performed using the phospho-GSK-3␣/␤ (Ser21/9) antibody (Cell Signaling Technology, Danvers, MA). Negative controls for each assay included the omission of the immobilized Akt antibody or the GSK-3␣ peptide substrate. To ensure equal loading, membranes were stripped and reprobed using anti-Akt antibody B-1, as described above.
Quantitation of NOX production by pex cells. Pex cell monolayers were incubated in Krebs buffer (145 mM NaCl, 5.7 mM NaPO 4 , 4.86 mM KCl, 0.54 mM CaCl 2 , 1.22 mM MgSO 4 , 5.5 mM glucose) 24 h before, and during, their use in assays to measure total cervical NOX production. The pex cells were then left uninfected, or they were challenged with wild-type N. gonorrhoeae, as noted. Culture supernatants were then harvested, centrifuged, and passed through a 0.22-m-pore-size syringe filter (Millipore) to remove bacteria. Total NOX in clarified pex cell culture supernatants was measured after the reduction of nitrate to nitrite using Griess reagents according to the manufacturer's instructions (Cayman Chemical Co., Ann Arbor, MI). The absorbance of the resulting azo chromophore was read at 540 nm using a Synergy HT Multi-Mode microplate reader (BioTek), and the total NOX was quantitated by comparison to a nitrite standard curve.
Direct determination of NO production by pex cells. Pex cells were passed to 96-well microtiter plates and allowed to grow to confluence. Before the onset of the infection studies, confluent cell monolayers were incubated (37°C, 1 h) in phenol red-free medium containing cell-impermeant 4-amino-5-methylamino-2Ј,7Ј-difluorescein (DAF-FM) or cell-permeant DAF-FM diacetate NO reactive probes (Invitrogen Molecular Probes, Carlsbad, CA). After this incubation, wells containing DAF-FM diacetate were rinsed thrice with PBS to remove any remaining probe that had not permeated the pex cell membrane, thereby allowing the analysis of intracellular NO independently of extracellular NO. For assays in which total NO production was measured, pex cells were incubated with both DAF-FM and DAF-FM diacetate, each of which were retained within the microtiter plate wells throughout the course of the assay. The pex cell monolayers then were left unchallenged, or they were challenged with 1219 wild-type or 1291⌬PLD gonococci. Where indicated, E2/Pg was included (as outlined above) or omitted from the culture medium. Similarly, Akt inhibitor VII or NOS inhibitors were included or omitted from each assay, as noted and as described above. Microtiter plates were immediately placed in a Synergy HT Multi-Mode microplate reader (BioTek) after infection, and fluorescence, which is indicative of NO generation, was read at 530 nm (i.e., 485-nm excitation and 530-nm emission). Arbitrary fluorescence units were recorded every 30 min for at least 18 h. Assays were performed in quadruplicate on at least three separate occasions.
RESULTS
Pg augments gonococcal invasion of and/or their survival within pex cells. In vivo, during the first 14 days of the menstrual cycle (i.e., the follicular phase), E2 levels gradually rise from ϳ0.1 to ϳ0.7 nM, after which they again decrease (see Table S1 in the supplemental material). During this time, Pg levels remain relatively stable at ϳ3 nM. Within the next 14 days (the luteal phase) of the menstrual cycle, E2 levels moderately increase to ϳ0.4 nM, whereas the Pg levels rise dramatically to reach ϳ30 nM. The concentration of each of these hormones gradually decreases late in the luteal phase to approximately 0.1 nM E2 and 3 nM Pg before the onset of, and during, menses. My investigations of the affect of steroid hormones on cervical gonorrhea lead to the hypothesis that Pgpredominant conditions, such as would occur during the menstrual cycle luteal phase, promote gonococcal invasion of or survival within pex cells. I thereby measured the invasive and survival capabilities of N. gonorrhoeae using pex cells cultured in the presence or absence of a range of E2 or Pg concentrations. In support of our hypothesis, quantitative gentamicin survival (i.e., invasion) assays demonstrated that the invasive capability of wild-type N. gonorrhoeae1291 was not significantly affected by E2 (Fig. 1A) . However, increasing concentrations of Pg resulted in a parallel increase in the ability of these organisms to survive gentamicin treatment after pex cell challenge (Fig. 1B) . I then repeated these assays using 0.4 nM E2 combined with various concentrations of Pg (0 to 30 nM) to allow us to more closely mimic the Pg-predominant luteal phase of the menstrual cycle. I again found that a parallel increase in gonococcal invasion occurred with increasing concentrations of Pg (Fig. 1C) . Collectively, these data supported my hypothesis that Pg augments gonococcal invasion of and/or their intracellular survival within pex cells. gonococcal invasion of and/or their intracellular survival within pex cells. To this end, I performed comparative intracellular survival assays (Fig. 2) . Our previous data demonstrated that pld mutant gonococci are severely impaired in their ability to invade pex cells. In this regard, we recently showed that a direct NgPLD-Akt interaction occurs during infection of pex cells, which results in increased Akt activity and which is critical for successful gonococcal infection and invasion of these cells (7) . Although not shown for the cervix, Akt activity can be hormonally modulated in some cell types (14, 15, 40, 48, 57) . Thus, I also wanted to determine whether Pg could rescue the impaired invasive capability of pld mutant gonococci, potentially, by contributing to Akt activation. Thereby, pex cells were left untreated or they were treated with a median (15 nM) concentration of Pg before being challenged with wild-type or pld mutant gonococci, which would permit evaluation of the contribution of Pg in regulating Akt activity in pex cells during gonococcal challenge. An Akt inhibitor was included or omitted from these assays.
In the absence of Pg, I observed no significant difference (P Ն 0.24) in the ability of wild-type bacteria to survive within pex cells at 1 h postinvasion compared to their ability to invade these cells (Fig. 2A) . However, at 3 h postinvasion the number of viable intracellular gonococci had significantly (P Յ 0.01) increased by ϳ3-fold. In the presence of Pg, a significant increase (compared to the absence of Pg, P Յ 0.01) in gonococcal invasion, as well as the number of viable gonococci at both 1 h and 3 h postinvasion, was observed ( Fig. 2A) . Similarly, in the presence of Pg a significant (P Յ 0.01) increase in gonococcal survival occurred over the time course assayed. In this regard, an ϳ1.3-fold increase in viable gonococci occurred at the Inv ϩ 1-h time point after invasion, and an ϳ2-fold increase occurred between the Inv ϩ 1-h and Inv ϩ 3-h time points. As expected from our previous studies (7, 10) , 1291⌬PLD gonococci were severely impaired in their ability to invade pex cells but also were further impaired in their ability to survive within these cells (Fig. 2B) . Pg could not rescue the impaired survival of these mutant bacteria (Fig. 2B) , suggesting that Pg promotes gonococcal invasion of and/or their intracellular survival within pex cells in a NgPLD-dependent manner. Consistent with our previous studies (7), Akt inhibition severely impaired the ability of wild-type ( Fig. 2A) and pld mutant (Fig. 2B ) gonococci to invade pex cells. However, my data further demonstrated that, under conditions of impaired Akt activity, the few invasive gonococci that were able to survive gentamicin treatment did not recover and replicate over the time course assayed, suggesting that Akt also contributes to the intracellular survival of invasive bacteria. This survival defect could not be rescued by the presence of Pg, despite the finding that Pg presence did result in a modest, but significant (P Յ 0.02), increase in the ability of pld mutant gonococci to invade pex cells treated with an Akt inhibitor (Fig. 2) . These data potentially indicated that Pg functions upstream, or at the level, of Akt activation to promote the immediate intracellular survival of N. gonorrhoeae after their invasion into cervical epithelial cells.
Pg augments gonococci-induced Akt activity. The data presented thus far are highly suggestive of a role for Pg in promoting gonococcal invasion of, and their immediate survival within, pex cells in a NgPLD-and Akt-dependent manner. Hence, I sought to determine whether Pg modulated Akt activity within pex cells challenged with N. gonorrhoeae. To address this line of questioning, I used an antibody to capture total cellular Akt from pex cells that had been cultured in the presence or absence of a median concentration of Pg and subsequently challenged with wild-type or pld mutant gonococci. Western blotting, with an antibody to the phosphorylated, active form of Akt (Akt-P, 55 to 60 kDa) revealed that Akt was not phosphorylated in pld mutant-infected cells in the absence of Pg but did become phosphorylated in the presence of Pg (Fig. 3A) . Under these conditions, the level of Akt-P remained constant over the time course assayed (Fig. 3A) . To ensure equal loading of Akt immunocomplexes, Western blots were stripped and reprobed using a third anti-Akt antibody to visualize total Akt loaded into each well and onto each gel. Akt-P was readily evident in wild-type-infected pex cells in the absence of Pg; however, in the presence of Pg, a further increase in Akt phosphorylation occurred over the time course assayed (Fig. 3B) . Consistent with our previous works (7), an additional band of ϳ85 kDa was also evident in wild-typeinfected pex cells but was only faintly visible in the absence of Pg. Although we have not yet resolved the identity of this peptide band, we previously speculated that this band results from the covalent interaction of Akt with an unknown peptide (e.g., an adaptor protein) (7). Additional peptide bands of a molecular mass lower then that reported for Akt were also visible and most likely represent degradation products. Phosphorylated Akt was not observed in uninfected pex cells in the presence or absence of Pg, nor was it present when the primary or secondary antibodies were omitted from the initial immunocapture step, demonstrating the specificity of the assay. Thus, these data suggested that Pg and NgPLD function in an additive manner to induce Akt activity and thereby promote gonococcal survival during cervical infection. Although Akt phosphorylation is indicative of Akt activity, the presence of Akt-P is not a direct measure of Akt kinase activity. Therefore, to confirm the data above, as well as to examine Akt activity in terms of the female menstrual cycle, I performed a kinase assay in which Akt activity was indicated by its ability to phosphorylate the glycogen synthase kinase 3␣ (GSK-3␣; 37 kDa) peptide substrate. Under conditions designed to mimic the Pg-predominant luteal phase of the menstrual cycle, a dose-dependent increase in Akt activity was observed at 3 h postinfection of pex cells with 1291 wild-type gonococci (Fig. 4A) . Conversely, E2-predominate conditions had a dose-dependent inhibitory effect on Akt activity (Fig.  4B) . I could not detect Akt activity in uninfected cells, in wild-type-infected cells in the presence of an Akt inhibitor, or when I omitted the anti-Akt capture antibody from the initial capture step of the assay or the GSK-3␣ peptide substrate from the kinase reaction (negative controls). Taken together, these data provide evidence that steroid hormones modulate Akt activity during N. gonorrhoeae infection of pex cells with Pg augmenting, and E2 impairing, Akt activity.
N. gonorrhoeae-induced nitric oxide synthase expression occurs by a Pg-, NgPLD-, and Akt-mediated pathway. Akt activation in N. gonorrhoeae-infected pex cells occurs independently of PI3K and results from the direct interaction of NgPLD with cervical Akt (7). In some (noncervical) cells and under certain conditions, PI3K-dependent Akt activation can lead to NOS expression and, consequently, NO generation (14, 17, 18, 20) . Although NO is generally believe to exert a cytotoxic effect on bacteria, Neisseria spp. possess a NO detoxification pathway (45) and can use nitrite and/or nitric oxide as an alternative respiratory mechanism (27) . NOX are present in cervical secretions (51) , and thus these fluids are capable of supporting N. gonorrhoeae growth. In this regard, if gonococcus-induced Akt activity also results in NOS activation, this could have important consequences with regard to women's health. Thereby, I wanted to determine the effect of Pg-modulated Akt activity on NOS expression and NO production by gonococcus-infected pex cells. Pilot assays, performed in the absence of E2/Pg, had revealed that a low level of NOS2 (inducible, iNOS) expression occurs by 3 h postinfection of pex cells with wild-type gonococci that thereafter increased to gonorrhoeae strain 1291, as noted, for 3 h. Akt was immunocaptured from pex cell lysates, and the kinase activity was assessed as described in the text by using a GSK-3␣ peptide substrate. The presence of an ϳ37-kDa band, after immunoblotting with the phospho-GSK-3␣/␤ (Ser21/9) (rabbit) antibody, is consistent with phosphorylation of the GSK-3␣ peptide (GSK-3␣-P) and is indicative of Akt activity. The membranes were stripped and reprobed using the mouse anti-Akt antibody B-1 to ensure the presence of comparable amounts of Akt kinase under each assay condition (lower image in panels A and B). The hormone concentrations (0.4 nM E2 plus 0 to 30 nM Pg in panel A; 3 nM Pg plus 0 to 1 nM E2 in panel B) used are noted across the top of each membrane image. UI, uninfected pex cells; AI, Akt inhibitor VII was included in the assay; Ab, the agarose-conjugated anti-Akt capture antibody, C-20AC, was omitted from the initial capture step; GSK, the GSK-3␣ peptide substrate was omitted from the kinase reaction.
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on September 12, 2017 by guest http://iai.asm.org/ moderate levels by 6 h postinfection (data not shown). Therefore, I initiated these studies by capturing NOS2 in E2/Pgtreated pex cells that were either uninfected or were challenged for 6 h with wild-type or with pld mutant bacteria to allow examination of the potential role of the NgPLD-Akt pathway in NOS2 induction. Western blot analysis with a second, NOS2-specific antibody revealed that NOS2 (130 kDa) was not expressed in uninfected cells under any of the E2/Pg concentrations assayed (Fig. 5A ). However, under conditions reflective of the Pg-predominant luteal phase of the menstrual cycle, infection of pex cells with wild-type N. gonorrhoeae resulted in a visible dose-dependent increase in NOS2 expression (Fig. 5A ). Low levels of E2 repressed NOS2 expression compared to the absence of this hormone (i.e., with 3 nM Pg alone). However, increasing concentrations of E2 also resulted in a parallel increase in NOS2 expression, although this level of expression was comparatively lower than that observed for Pg alone (i.e., 3 nM Pg ϩ 0 nM E2) or for Pg-predominant conditions (Fig. 5A) . The pex cells challenged using 1291⌬PLD mutant gonococci exhibited an overall lower level of NOS2 expression than that observed for wild-type-infected cells (Fig. 5A ). In addition, and in further contrast to data obtained with the use of wild-type gonococci, NOS2 expression did not exhibit a Pg dose-dependent increase when pex cells were challenged with the pld mutant. Rather, in pld mutant-infected pex cells, NOS2 was expressed to the greatest level under conditions of low Pg. Similar data were obtained when I performed semiquantitative, fluorometric, ELISAs to confirm the hormonal modulation of NOS2 expression in pex cells (Fig. 5B) . In this regard, analysis of (total) pex cell lysates also revealed an E2/Pg dosedependent increase in NOS2 expression during the strain 1291 wild-type N. gonorrhoeae challenge; this effect was again more pronounced under conditions reflective of the menstrual cycle luteal phase (Fig. 5B) . Similarly, low levels of Pg (i.e., 1 nM Pg plus 0.4 nM E2) again resulted in the greatest increase in NOS2 expression in pex cells challenged with 1291⌬PLD mutant gonococci; however, this increase again was modest compared to wild-type N. gonorrhoeae-challenged cells (Fig. 5B) .
Only background levels of NOS2 were present in uninfected pex cells (Fig. 5B ). Parallel analysis of these same pex cell lysates revealed that the amount of total cellular actin remained unaltered under each condition assayed (see Fig. S1 in the supplemental material). Thereby, these data are consistent with a role for Pg and NgPLD in triggering NOS2 expression in pex cells during gonococcal challenge and, additionally, support our previous publications that demonstrate that pex cells generate alternate functional responses when challenged with strain 1291 wild-type (high-level Akt activity, independent of PI3K) or 1291⌬PLD mutant (low-level Akt activity, dependent upon PI3K) gonococci (7, 10) . Although NOS2 is believed to be the primary NOS isoform associated with defense against microbial pathogens, two other NOS isoforms, NOS1 and NOS3, exist and are constitutively expressed by a variety of cell types. The expression and activity regulation of NOS3 (endothelial, eNOS) within cervical epithelia is unclear. However, in noncervical cells, one way in which NOS3 activity can be induced is by Akt-mediated phosphorylation. Thus, NOS3 function within pex cells has the potential to be upregulated after Akt activation during gonococcal infection. Therefore, it was of interest to investigate the potential role of Pg and Akt in mediating the expression and functional activity of NOS3 in pex cells during N. gonorrhoeae challenge. I again performed IP assays under conditions reflective of the (Pg-predominant) luteal phase of the menstrual cycle and in which an Akt inhibitor was included or omitted. As NOS3 is constitutively expressed, I used an anti-NOS3 antibody that specifically recognizes the active, phosphorylated, form of NOS3 (NOS3-P) for Western blot analysis following its immunocapture. Pex cells were challenged with wild-type gonococci for 3 h. This time point was chosen to allow visualization of both Akt-dependent NOS2 expression and potential Akt-mediated phosphorylation of NOS3. In support of the data described above, increasing concentrations of Pg again resulted in a parallel increase in NOS2 expression (Fig. 6) . A Pg dose-dependent increase in NOS3 (140 kDa) phosphorylation was also observed; however, this effect was modest and less pronounced than that observed for (inducible) NOS2 expression (Fig. 6) . Neither NOS2 nor NOS3-P were present in pex cell lysates in the presence of the Akt inhibitor or when the (Fig. 6 ). Collectively, these data strongly suggest that N. gonorrhoeae infection of pex cells triggers a signal transduction cascade resulting in Akt-dependent NOS activity. Gonococcus-infected pex cells generate nitric oxide. Although NO metabolites (nitrate/nitrite; NOX, collectively) are present in cervical secretions to my knowledge, the ability of cervical epithelial cells to generate NO has not been directly examined. That is, NOX presence within the cervical microenvironment has been typically measured by using the Griess reaction, a colorimetric method for nitrate and nitrite (resulting from nitric oxide oxidation) quantitation. Based on data presented above, I similarly quantitated the effect of N. gonorrhoeae infection on the ability of pex cells to produce NOX (see Fig. S2 in the supplemental material) . Upon comparison to a nitrite standard curve, Griess reaction analyses revealed that the levels of NOX present in uninfected and in gonococciinfected pex cells were comparable to those reported for cervical fluid specimens obtained from uninfected women (median, 23.8 M) or women infected with human papillomavirus (median, 45.2 M) (43). Thus, I then wanted to directly assess the ability of pex cells to generate NO in response to gonococcal infection. To this end, I performed a series of experiments in which NO production was recorded using cell-permeant and cell-impermeant NO-reactive probes, which allowed me to kinetically measure intracellular, as well as extracellular, NO in real-time using a fluorescence-capable microplate reader. Readings were recorded as arbitrary fluorescence units and were collected every 30 min over 18 h. These studies were performed in the presence or absence of an Akt inhibitor or a panel of NOS inhibitors. The graphs shown in Fig. 7 are representative of data obtained from three assays performed in quadruplicate in which there was some interassay variability in the actual fluorescence units measured; however, there was no variability in the course of the plotted data. Although multiple inhibitors of each NOS isoform were used in these studies, only data obtained with the use of SMT (NOS2 inhibitor) and NIO (NOS3 inhibitor) are shown. Comparable data were obtained with the respective use of each NOS2 or NOS3 inhibitor; however, no effect on NO production was observed with the use of NOS1-specific inhibitors during N. gonorrhoeae infection, supporting previous work in which NOS1 could not be detected within cervical biopsies obtained from pregnant and nonpregnant females by immunohistochemical analysis (50) . Under all conditions assayed, background levels of NO production occurred in uninfected cells, but NO was greatly increased during N. gonorrhoeae 1291 challenge ( Fig. 7 and see Fig. S3 in the supplemental material) . In the presence of the Akt inhibitor both intracellular (Fig. 7A) and extracellular (Fig. 7B ) NO was reduced to background levels in wild-type-infected pex cells. Of interest is that, whereas NOS2 inhibition decreased intracellular NO (Fig.  7C) , it only minimally affected the presence of extracellular NO (Fig. 7D) . Conversely, NOS3 inhibition had no effect on the presence of NO within pex cells (Fig. 7E) , but it severely decreased extracellular NO (Fig. 7F) . Only background levels on September 12, 2017 by guest http://iai.asm.org/ of NO were detected intracellularly or extracellularly when the activity of all three NOS isoforms was inhibited by the combined use of NOS1inh, 1400W (NOS2 inhibitor), and NIO, demonstrating the specificity of the assay (see Fig. S3 in the supplemental material). I then proceeded to measure NO production by pex cells that were incubated in the absence of E2/Pg or that were incubated under conditions reflective of the early and late follicular (i.e., 0.5 nM E2 plus 3 nM Pg) or luteal (i.e., 15 nM Pg plus 0.4 nM E2) phases of the menstrual cycle. Total (intracellular and extracellular) NO was measured in real time, as outlined above. The pex cells were left uninfected, or they were challenged with 1291 wild-type or 1291⌬PLD mutant N. gonorrhoeae. An Akt inhibitor was included or omitted from wildtype gonococcal infections. Only background levels of NO production by uninfected pex cells was observed under each assay condition, and this was only moderately increased upon infection with pld mutant gonococci (Fig. 8) . Infection with wildtype gonococci resulted in a further increase in NO production by pex cells, which was reduced to background levels in the presence of an Akt inhibitor (Fig. 8) . In support of data obtained by Western blot analyses, Pg had the greatest stimulatory effect on NO production. In this regard, compared to the absence of E2/Pg (Fig. 8A ) or E2-predominant conditions (Fig.  8B) , the fluorescence intensity recorded under conditions reflective of the menstrual cycle luteal phase was increased Ͼ2-fold (Fig. 8C) . Taken together, these data demonstrated that gonococcus-induced NO production by pex cells occurred in an Akt-dependent manner that was further modulated by Pg and NgPLD. Importantly, these findings also showed that the level of NOX produced by pex cells was comparable to those levels reported for women, in vivo, and also potentially indicate that the spatial distribution of NO during the course of gonococcal infection may result from the activity of different pex cell NOS isoforms.
NO promotes the survival of gonococci during pex cell challenge. My data obtained thus far supported a role for Aktmediated NO production by pex cells during infection. Therefore, I next wanted to determine whether NO produced by the cervical epithelium exerted a bactericidal effect or, perhaps, promoted the ability of gonococci to survive within pex cells, as we previously show a critical role for Akt activity in N. gonorrhoeae infection and invasion of pex cells. To this end, I performed gonococcus survival assays in the presence or absence of a panel of NOS inhibitors (Fig. 9A) . I found that only under conditions when NOS2 was inhibited was the ability of wildtype gonococci to survive within pex cells at 3 h postinvasion significantly impaired, compared to the absence of any inhibitor (Fig. 9A) . To confirm these data, I again performed association, invasion, and survival assays with pex cells that were untreated or that were pretreated with L-NAME (NOS1/3 inhibitor) plus TRIM (NOS1/2 inhibitor) to inhibit NO production. To confirm the requirement for host-derived NO in augmenting gonococcal survival during pex cell challenge, nitrite, cPTIO (an NO-specific scavenger), or a panel of NO donors was added to (or omitted from) pex cell monolayers coincident with microaerobically cultured wild-type gonococci. Further, to promote microaerobic respiration by gonococci as well as to more closely mimic ex vivo, the oxygen-limited environment of the human cervix in vivo, infections were allowed to progress under normal laboratory or microaerobic (i.e., 6% O 2 ) conditions, as outlined in the Materials and Methods. These assays showed that gonococcal association with pex cells was moderately, but significantly (P Յ 0.01), impaired under microaerobic, NO-inhibited, conditions (data not shown). However, association levels could be restored to "normal" levels (i.e., association determined under normal oxygen and NO tensions; i.e., none ϩ O 2 ) by the inclusion of NO donors, but not nitrite, in each assay (data not shown). Among the various conditions assayed, only minor differences were observed in the ability of gonococci to invade pex cells or to survive at 1 h postinvasion of pex cells. Conversely, notable differences in the ability of gonococci to survive within pex cells became evident by 3 h postinvasion (Fig. 9B) . In this regard, an FIG. 8 . NO production by gonococcus-infected pex cells is enhanced under Pg-predominant conditions. NO production by uninfected pex cells, as well as by1291-and 1291⌬PLD-infected pex cells, was measured as outlined in the text. Akt inhibitor VII was included or omitted from wild-type infections. Pex cells were incubated without E2/Pg (A), with 3 nM Pg plus 0.5 nM E2 (B), or with 0.4 nM E2 plus 15 nM Pg (C) before and during gonococcal challenge. Total (intracellular and extracellular) NO production was measured over 18 h using cell-permeable plus cell-impermeable NO-specific fluorescent probes. Readings (485-nm excitation and 530-nm emission) were recorded every 30 min (x axis). Arbitrary fluorescence units are given on the y axis. The data shown are the means obtained from three separate experiments performed in quadruplicate.
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on September 12, 2017 by guest http://iai.asm.org/ ϳ3-fold decrease in gonococcal survival was observed at 3 h postinvasion when NO was depleted in pex cells by the addition of cPTIO or by inhibiting NOS activity (compare "none ϩ O 2 " to "cPTIO ϩ/Ϫ O 2 " or to "none# ϩ/Ϫ O 2 "; P Յ 0.01 for both comparisons). Nitrite addition to NOS-inhibited pex cells only modestly restored gonococcal intracellular survival in that survival observed under this condition was ϳ2-fold less than that observed for "normal" gonococcal survival levels (P Յ 0.01). Conversely, the addition of the NO donors, SIN and SNAP, to NOS-inhibited pex cells completely restored and modestly enhanced (P Յ 0.02) the ability of gonococci to survive within these cells (Fig. 9B) . Further, the addition of GSNO, a thiol-derived NO donor, resulted in a further significant (P Յ 0.01) enhancement of the survival capability of intracellular gonococci compared to the use of SIN or SNAP and to "normal" levels of survival (Fig. 9B) . Collectively, these data provide strong evidence that host-derived NO promotes the intracellular survival of gonococci during pex cell challenge Pex cell monolayers were challenged with wild-type bacteria for 90 min, followed by a 30-min gentamicin treatment to kill extracellular bacteria. Invasion and survival assays were performed as described in the text where invasion refers to a 90-min infection plus gentamicin treatment. Survival refers to the number of viable gonococci that were recovered from within pex cells at 1 h (Inv ϩ 1 h) or 3 h (Inv ϩ 3 h) after invasion. Values given are the mean (variance) in which the percent invasion or survival of gonococci was determined as a function of the original inoculum and the number of CFU formed with subsequent plating of the cervical epithelial cell lysates. The data were obtained from at least three trials performed in triplicate. For the "Ϫ" column (in panel A), a NOS inhibitor was not included in the assay. Panel A P values: ‫,ء‬ P Յ 0.01 for data obtained in the presence of the indicated NOS inhibitor compared to the absence of any NOS inhibitor. Panel B P values: §, P Յ 0.01 for data obtained in the presence of GSNO compared to the absence of GSNO or the use of an alternative NO donor; ؋, data obtained in the presence of nitrite were not significant compared to the absence of nitrite (i.e., none# ϩ/Ϫ O 2 ). The "#" symbol indicates that NO production by pex cells was inhibited by the inclusion of NAME (NOS1/3 inhibitor) and TRIM (NOS1/2 inhibitor).
and, potentially, indicate that NO may be a requirement for sustained cervical disease.
DISCUSSION
The female reproductive tract is a dynamic environment that is receptive to fluctuating hormone levels. Steroid hormones often have antagonist effects that are not equal in all (mammalian) cell types (4, 5, 25, 49) . In this regard, there are at present very limited data describing the response(s) of (primary) cervical epithelial cells to combined, variable physiological concentrations of estrogens and progestagens-such as would occur in vivo throughout the female menstrual cycle-or how these responses potentially might be altered during bacterial infection. Similarly, although clinical data indicate that there is a hormonal component to gonococcal disease in women, how steroid hormones influence the pathology of cervical gonorrhea has remained poorly defined. Our previous works demonstrated that gonococcal infection of primary cervical epithelial (i.e., pex) cells, with CR3 engagement and NgPLD secretion, triggers a signaling pathway in which the serine-threonine kinase, Akt, plays a critical role in promoting the survival of this bacterium. I have now extended these studies to further examine the role of Akt in gonococcal cervicitis under variable E2 and Pg concentrations such as would occur in vivo during the course of the female menstrual cycle.
Clinical studies demonstrate that steroid hormones may modulate the course of gonococcal disease in infected women (23, 24, 29) . It is also noteworthy that there are data to indicate that progestin-based contraceptives increase the susceptibility of a woman to develop gonococcal disease (13, 32, 36) . I have now similarly shown that Pg, in a dose-dependent manner, augments the ability of gonococci to invade and to survive within pex cells. In this regard, these data suggest that increased Pg mediated the intracellular survival of gonococci by augmenting NgPLD-dependent Akt activity.
Multiple levels of regulation may exist by which Pg augments Akt activity during pex cell challenge. That is, Akt phosphorylation was evident in pld mutant-infected pex cells only when Pg was present. However, infections performed using wild-type gonococci indicated that Pg and NgPLD had an additive effect on Akt phosphorylation (Fig. 3) . Although other explanations exist, I suggest that Pg functions indirectly to trigger Akt activity in the absence of NgPLD. It has been documented that in some cell types steroid hormone receptors can trigger Akt activity in a PI3K-dependent manner (17, 18) . In the absence of E2/Pg, very low levels of Akt activity are observed in pld mutant-infected pex cells, which is dependent upon the activity of PI3K (7). PI3K can phosphorylate phosphatidylinositol (PtdIns)(4,5)P 2 to form PtdIns(3,4,5)P 3 that competes with NgPLD for binding to the Akt PH domain (7) . Therefore, in the absence of NgPLD, Pg may trigger Akt phosphorylation indirectly through its cognate receptor acting upon the PI3K pathway. However, PI3K-mediated Akt signaling does not appear to promote an intracellular pex cell environment that is favorable for gonococcal survival, because 1291⌬PLD gonococci do not survive within pex cells (Fig. 2) , and the ability of wild-type bacteria to invade and/or survive is enhanced when the PI3K activity is chemically inhibited (7) .
In the presence of NgPLD (i.e., in wild-type-infected cells), the Pg-dependent additive effect observed in Akt phosphorylation (Fig. 3 ) may be related to the ability of steroid hormones to modulate the production of proteins comprising the complement system. The sustained release of gonococcal products, including NgPLD, requires complement deposition upon the gonococcus surface, followed by engagement of the CR3 I-domain (10) . That complement presence within the female genital tract varies in response to fluctuating hormone levels is demonstrated (16, 38) . In this regard, an increase in complement protein C3 occurs during the luteal phase of the menstrual cycle in humans. Although complement production by cervical epithelia in response to steroid hormones has not been examined, we have shown that pex cells produce all of the proteins comprising the alternative pathway of complement (9) . Thus, if complement production by pex cells is increased under Pg-predominant conditions, although this is speculative, it might also follow that an increase in NgPLD production and secretion occurs. The increased presence of NgPLD could then result in increased Akt activity and, in this way, account for the observed ability of Pg to augment the survival of gonococci during pex cell challenge. I have shown that Akt activation triggered the expression and/or the activity of NOS2 and NOS3, which, in turn, resulted in the generation of NO. Although NO is widely believed to mediate bacterial killing, N. gonorrhoeae possesses a NO detoxification pathway (45), which we have previously suggested to play a role in promoting the intracellular survival of gonococci during pex cell challenge (41, 42, 46) . In addition, gonococci possess a truncated denitrification pathway comprising AniA, a surface-exposed (30) nitrite reductase (34) , and the NO reductase NorB (21) , which provides an additional or alternative means of respiration for these bacteria when oxygen becomes limited (27) . The cervix is an oxygen-limited environment, with oxygen tensions ranging between 12 and 22 mm Hg (in uninfected, normal cervices) over the menstrual cycle (54); thus, it is not a strictly anaerobic environment. Although the reactivity or toxicity of NO is greatly enhanced in the presence of oxygen, recent data indicate that gonococci are also resistant to the killing action of peroxynitrite (2), a strong oxidant and nitrating agent formed in the presence of NO and superoxide. Cole and coworkers (39) have proposed that hostderived NO induction of N. gonorrhoeae NorB could confer a survival advantage to these bacteria in vivo by serving as an electron acceptor under conditions of oxygen limitation (39) . The data shown in Fig. 9 would support the idea that gonococci require host-derived NO during infection under aerobic, as well as microaerobic conditions, although I did not directly assess gonococcal respiration in these studies. However, in the closely related bacterium, Neisseria meningitidis, it has been demonstrated in vitro that oxygen and nitrite reduction both contribute to electron transfer during respiration, i.e., that aerobic denitrification occurs in the presence of and supplements oxygen consumption (44) . In addition and consistent with the present data, Read and coworkers (44) demonstrated that a norB mutation in N. meningitidis results in an impaired ability to survive within human macrophages, as well as in nasopharyngeal mucosal explants (47) .
Three different eukaryotic NOS isoforms exist that could potentially share different cellular compartments with invasive gonococci during the course of disease. Thus, although NO is That is, intracellular NO results primarily from the activity of NOS2, whereas extracellular NO results primarily from NOS3 activity. Under conditions when the activity of NOS2, but not NOS3, was impaired so was the ability of gonococci to survive within pex cells. Whereas NOS2 is an inducible cytosolic protein, NOS3 resides in an inactive state at the plasma membrane. Therefore, it is interesting to speculate that NO resulting from Aktmediated phosphorylation and activation of NOS3 at the pex cell plasma membrane, where it would be more freely diffusible to the extracellular space, similarly differentially augments the survival of extracellular gonococci. Consistent with this idea are recent data demonstrating a role for the gonococcal NO respiratory pathway in biofilm formation on immortalized cervical cells (12) . In summary, I initiated studies to investigate how steroid hormones potentially modulate the course of gonococcal disease in women, as is demonstrated by clinical data. In this regard, I have presented data to indicate that Pg-predominant conditions promote N. gonorrhoeae infection of pex cells. The ability of Pg to augment gonococcal survival during pex cell challenge corresponds well with clinical data demonstrating the increased susceptibility for acquiring gonococcal disease associated with the use of progestin-based contraceptives. In addition, I have further defined the downstream effects of the CR3-NgPLD-Akt pathway triggered during gonococcal infection of primary cervical cells. My data indicate that Pg functions in an additive manner with NgPLD to induce Akt activity that, in turn, regulates NOS expression and NO production. Importantly, although it has previously been demonstrated, in vitro, that NO is not toxic to gonococci (3), to my knowledge, my data are the first to demonstrate that host-derived NO may be required to sustain cervical bacterial disease. Further, I believe that these data are the first to directly demonstrate NO (versus NOX) production by primary epithelia of the human cervix, as well as to demonstrate that spatial differences in NO production may differentially affect bacterial disease. Thus, the present findings may have broader implications to the study of other mucosal pathogens. However, the contribution of the gonococcal denitrification and detoxification pathways with regard to cervical infection remains to be fully elucidated. These and other unanswered questions are the focus of ongoing investigations in our lab.
